
.

TIIE DIKI7ECTION OF CO(443) and CO(5->4)  EMISSION FROM

132 0902+34, A POWERFUL RADIO GALAXY AT Z = 3 .3995

A. S. ltvans(l),  D. 1]. Sanders(l),  J. M. Mozzarella

P. M. Solonlon(3),  C, Kran~er(4),  and S. J. H. Radford(s)

Submitted to 7’Iw Astrophysical Journal (1.ctkrs)

]{unning I’itlc:  CO I’;mission  from 112 0902+ 34

()) ]nstitut,e  for Astronomy, 26S0 Woodlawn l)rive,  lIonoIuIu, 1 I 96 22.
/$ja-hfdf;o~ Lt Om bry

(2) ]]’AC, California ]nstitute  of ‘J’cchnology,  l’asadena., CA 91125.
A

(3) Astronomy ]’rogram,  State University of New York, Stony IIrook,  NY 11794

(4) Institut  de Radio Astronomic Millimctrique,  38406 St. Martin d’lleres,  l’rance

(5) National l{adio Astronomy Observatory, ‘Jhcson,  AZ 85721

-1



. .
.

AIISTRACT

We report the detection of CO(4+3) and CO(5-+4)  emission from the powerful radio galaxy

112 0902+-34 at a rcdshift  < z.. >= 3.3995 ~: 0.0002. 2’IIc observed CO luminosity implies a mass of

molecular gas, M(IIz)  N 4.5- 5.6 x 10’0 h-z ME). These new observations , combined with the recent.

detection of strong far-infrared (rest-frame) continuum from the powerful radio galaxies 4C41.17

and 112 0902+34,  suggest that at least some high-z powerful radio  galaxies may be radio-loud

analogs of hyperluminous  infrared galaxies such as lRAS l’] 0214:-4724.

Subject hcudi91c3s: early universe - radio: galaxies - galaxies: interstellar matter - galaxies: individ-

ual: 1]2 0902+34 -- radio lines: molecular

1 . INTltOI)UCTION

}’owerfu] radio galaxies at high redshift arc potentially useful probes for understanding the

properties of luminous galaxies in the early universe. Recent observations have show]L  that those

systems possess strong rest-frame lJV-to-optical  emission lines, indic.ati~lg  that intense starbursts

(e.g. McCarthy et al. 1987)  maybe present in addition to the powerful AGN (e.g. };ales  & Rawlings

1993). l,arge  quantities of gas and dust may be required to power the star formation activity in

addition to providing fuel for the powerful active nucleus (AGN).  We report here the detection of

CO emission from 112 0902+34  (z N 3.4), and an observation toward 4C 41.17 (z w 3.8). ‘1’hese

objects were the first identified radio galaxies at z > 3 (Jiilly  1988; (;hambers,  Miley, & van ]Ireu.gel

1990)  and remain two of tllc best studied high rcdshift galaxies. We compute the mass of 112 gas

from these CO data ancl compare the molecular gas mass and spectral energy  distributions of these

powerful radio galaxies with other luminous high mdshift  objects recently detected in CO.

2. OIISIHWATIONS

Observations with the NRAO* 121n telescope were obtained during four separate observing

periods bctwccn 1992, l)eccmbcr  and 1994, octolwr. Observations at the IILAM 30111 telescope

were obtained during a sinpje 2 day period in 1994, June. All c)f the observing sessions were
-— —.- _____ _..

* 2’l]c NI{.AO is operated by Associated [Jniversiticx, inc. under c.ool)crativc  agrcwmcnt  with the

National Science l’oundation
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marked by a high percentage of exceptionably good weather. System temperatures and observing

frequencies, plus other relevant telescope and receiver parameters are listed in Table 1. ‘l’he general

system configuration and observing technique were similar at both telescopes, All observations were

obtained using a nutating  subreflector  with a chop rate of WI .25 IIz. Data were stored as either

five or six minute scans, and a chopper wheel calibration was typically perforlned  after every other

scan. Pointing was monitored every few hours by observations of the planets and was estimated to

be accurate to 4-3” ,

At the NRAO 12m telescope, data were obtained with the dual polarization 3mm receiver

using two 512x2 MIIz channel fdterbanks,  one for each polarization. ‘1’}lere were problems with

our initial observations that forced us to eventually discard half of the data from 1992, December,

and to revise our method of taking data for subsequent observing runs,  ]nstabi]ities  in one of

the two rcceivcr polarizations occasionally produced low level noise spikes that, if not caught and

eliminated from the data stack, could, after smoothing, mimic narrow (W 50 – 100 km s–] ) lines,

l;vcn t}lough the channel blocks that were thought to be affected were eventually eliminated, we

chose to throw out all of the 19!32, l)ecemher  data obtained with that polarization. We also decided

to abandon our original attempt to double the velocity coverage of our observations by obtaining an

cqua] amount of integration time for each source at three frequency settings, V. and V. 4. AU (where

Av corresponded to a velocity shift of 500 km s- ] ). ‘J’he increased total velocity coverage (*2500

km S-l) had been designed to allow for uncertainties (typically 0.1- 0.2%) in the reported redshifts

for our sources. IIowevcr. observations of a. blank sky position at a fixed frequency revealed that,,

although the theoretical clian~]el-to-cl~a]l]lel  rms was achieved in each filterba.nk  for the longest

integrations, we could not assume that the mean level was zero. Comparison of coadded data

representing observations taken during consecutive 6-8 hr transits revealed that small, apparently

random dc offsets a]ld tilts in the baseline were often present at a level  of a few xO. I m]<. Ilad

relatively strong (> 1 ml{) lines been present in any of our sources this method should still have

served to increase our likelihood of achieving a detection. No such lilies  were detected. Instead,

tllc large velocity shifts often had the effect of prod uci]lg rather broad, pill box-shaped, phantom

line profllcs, and we therefore decided to c]rop our attempt to obtain extended velocity coverage on

eac}l source.

We c}lose to concentrate on observing those sources with redshifts determined from more than

o]le line, or for which we had independent measurements from infrared spectra obtained at Ma,una

I{ea. We obtainecl w50 hours of data at the N1{A() 12n~ telescope fc)r two sources - 1]2 0’302+-34 and
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4C 41,17- that are reported here. We also present observations of 112 0902+34 obtained with the

I RAM 30m telescope during a short  2-day period in early summer 1994. At the I RAM 30m, both

the 2mm and 3mnl receivers were used to observe the CO(5--~4  ) and CO(4~3) lines simultaneously.

Given that the system tempcratllre that was achieved with the old 3mm receiver (it was replaced

shortly after our observations) was 2-3 times higher than that achieved in the 2mm band, only the

‘hnm data was sensitive enough to confirm the presence of the CO emission line in the 10-hours of

intqyation  that were obtained.

3. CO l, UMINOSITY AND 112 MASS

Figure  I shows the CO(4-~3)  and CO(5-+4)  spectra of B2 0902+34 taken with the NRAO 12111

and lRAh4 30m telescopes respectively. ‘J’able  2 lists the measured line parameters. Given that the

system temperatures for both observations were comparable, the increased aperaturc  of the 30m

yields slightly better S/N in one-fifth the integration time. The blue edge and the main peak are

nearly identical for both line profiles. Indeed, the line shape and intensity of the main peak arc

c.onsistcnt  with recent mcasurcmcnts  of the CO(4-+3)  line made at the Owens Valley Millimeterwave

lntmfcwometer  ( Y u n  L Scovi]le,  ]Jrivate collllll~lllicatiol~).  IIowever, the CO(544) line appears to

show a. red wing extending to w ,150 km s- 1 that is IIot as obvious in our CO(4+3)  spectrum. {~iven

the uncertainty in the full extent  of the CO emission, Table 2 gives line parameters for both the

main eInission  peak (W SO --280 km S–l ) and the lnain peak plus the red wing (N 80-450 km s--l).

l’rom the measured values for both profiles we adopt a mean rcdshift,  < ZCO >= 3.3995 + 0.0002.

‘J’his  redshift corresponds to a lunlinosity  distance of

1)], =-- cll; *q;-2 {2[10 + (Cjo -- ] ) ([2{10Z -t ]]O’s  - ]) }  == 13800 h- ]  
MJ)C

and a lookba.cti  time S9% the age of the universe for qo == 0.5, where 110 == 100 h (km S-l Mpc-l  ).

F’or  comparison, 111,  = 26100 h-’ Mpc and the Iookback  time is 77% the age of the universe for

q. = 0.02.

‘] ’he CO luminosity of a source at redshift z with all intensity of SCOAV is,

()- c?
1,{:() =- -2–

‘21ivo,),
SC, OAVIJ;,(l + Z)-s,

where c is the speed of light

4)/l&)(4  –~ 3 )  can be US(YI

l~igure  2 S]IOWS  the expected

and li is the IIoltzma.nn  constant. ‘1’lle measured ratio Ij&o(5 -~

to sc~t constraints on the physical conditions in the molecular gas.

line ratios  for an object at rwlshift 3.4 computed using a standard

‘1



I,VG radiative transfer code and assuming a range of gas kinetic temperatures, ~’k = 30 – 200 K,

similar to what is observed in galactic molecular clouds. More appropriate here may he the range,

l’k == 40 – 80 K, computed for the bulk of the gas and dust in extremely luminous infrared galaxies

(e.g. Sanders, Scoville, k Soifer 1991; Solomon, I)ownes, & Radford  1992), and from recent studies

of C0(4–*3)  emission from the nuclei of nearby starburst  galaxies (Giisten  et al. 1993). lJsing

lJ~o(5  -+ 4)/lJ&)(4  - 3) from ‘J’ab]e 2 gives a range of densities, log n(112)  w 2.7 – 3.5 CnI-”3, with
r,1 ,, = 3 0 - 2 0 0  K,

gas excitation.

l’or molecular

luminosity is given

‘l’t, are the density

With only two measured CO transiticms,  it is difficult to further constrain the

gas in gravitationally bound clouds, the ratio of the 112 mass and the CO

by a == M(IIz)/l,&o  R n(}12)05/rl’~  M@ (K km s-l pc2)-1,  where 11(112)  and

and brightness tcunperaturc  for the appropriate CO transition (e.g. Solomon,

ILadford,  & ]Jownes 1992). hlulti-transition  CO surveys of molecular clouds in the Milky Way

(e.g. Sanders et al. 1993), and in nearby starburst  galaxies (e.g. Giisten  et al. 1993) have shown

that hotter clouds tend to be denser such that the density and temperature dependence tend to

cancc] each other,  ‘l’he variation in tllc value of a is less than a factor of 2 for a wide range of gas

kinetic temperature, gas dcllsities, and CO abundance. If we adopt a value of q’,~ w 60 K, and

log n(]lz) N 3.2, the value for n is N 4 M@ (K km s- 1 pc2)-1 similar to the value determined for

the bulk of tile lnolecular  gas in the disk of tile Milky Way (cf. Scovillc IQ Sanders 1987). ‘1’his

ilnplies a molecular gas mass for 112 0902+34 of,

M(llz)  D {~ l&>(4  -~ 3) = 4.5- 5.6 X 1010 1]-2 M O ) ,

where tlic range in hl( 112 ) represents the observed range for the measured CO(4--i3)  intensity, 1.7

-2.1 Jy km S- ] , reported in ‘J’able 2. ‘1’his mass estimate is probably uncertain by at lcmst a factor

of 2.

With the observed brightness temperature, we can also make a rough estimate of the size of

the CO emission region in 112 0902+ 34. ‘J’lle observed brightlicss temperature is diluted because

the source does not fill the beam of the telescope. ‘1’akiug  flL,.ar,, v 60” at 104.8 G]lz, an observed

brightness temp(’rature  of ‘1’,,  )1, =. 0.52 m]{, and assuming; a brightness temperature for the gas of

‘111) == 60 K, the region of clnission  is

( “--””””
‘1’,,,~( 1-1 z)--””)

0,5

f2~;[)(,, -.+3) = O[,ea,,l = 0.37”
T~[co(I-- 3)]

in d iamete r  which corres})onds  to 1.2 11–1 kJ)c  for q~ = 0.5 (2.3 h’ 1 kpc for qO =: 0.02). “1’his

calculation assumes that the gas is conlpact  as opposed to being distributed in clumps.
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‘l’he only other source to date that has been observed by us as extensively as 112 0902+34 is 4C

41.17. Figure 3 shows our 46 hour integration from the NRAO 12111 at the frequency corresponding

to the redshifted  CO(4–~3)  line (assuming the rcdshift as measured from [0111] and I,yo).  ‘l’here is

no evidence of an emission line above the 20 noise level.  IIowever, it is still not possible to rule out

the presence of broad, low-level emission with an integrated intensity nearly equal to that observed

for 112 0902+-34  (e.g. q’~t(pcak)  w 0.1 In]< and Av N 400 km s- 1 ), or an emission line that falls

outside the observed passband.  ‘1’hc  later  might be the case if, as in 112 0902+34, the CO emission

line is redshifted  by 500 km S-l from l,yo. ]“urther  observations of 4~ 41.17 are needed before a

more meaningful upper limit on the CO luminosity can IN established.

4, DISCUSSION

q’he mass of molecular gas computecl  for 112 0902434 is N30 times larger than the mean

lnolecula,r  gas content determined for nearby, infrared bright spirals, including the Milky Way, and

a factor of N8 times larger than the la r<est  molecular gas mass found for any isolated galaxies

in the local (z < 0.045) universe (e.g. SoloInon & Sage 1988; review by Young & Scoville 1991).

IIowcvcr,  the 112 mass for 1)2 09023-34 is only N3 -5 ti]nes larger  than the mean value cletermined

for ultralulninous  infrared galaxies at z ~ 0.35 (all  of Wllicll  appear to t~e Iller.gers of gas-rich spirals)

and comparable to the 11? mass of the l~lost gas-rich of these (e.g. the powerful radio galaxy  4C12.50

= 1’KS 1345-I 12: Mirabcl,  Sanders, & Kazbs 1989);  and the radio-loud QSO 3C 48: Scoville et

al. 1993). IIccausc 112 0902-134  is at an epoch when the univmc was only NIOYO of its current

age, it is unclear if 112 0902-{  34 is similar to the most gas-rich mergers seen locally, or whether it

represents an entirely  difrcrcnt stage in galaxy evolution.

‘1’o better understand the properties of 1]2 0902+ 34, it is useful to summarize what has been

found for powerful radio galaxies at lower redshift. l)ecp o~)tical ilnaging  of a complete sample

of low z (~ 0.3) powerful radio galaxies led IIccliman et al. ( 1986) to conclude that a substantial

fraction probably arise from tile collision/lncrgcr  of galaxy pairs, at least one melnber  of which

is a disk galaxy. Golombeli , Miley,  & Ncugebauer  ( 1988) found that a significant fraction of low

z powerful radio galaxies are luminous far-infrared sources. l’rom a study of a co]nplete sample

of ‘war~n’ ultra  luminous ill frarcd galaxies. sanders et al. ( 198S) suggested that luminous infrared

galaxies, quasars, and powerful radio galaxies IIlay represent alL evolutionary sequence in the merger

of gas-rich spiral galaxies. (;0( 1- -O) clnission  atld 111 absorl)tion  ( hIirabel  1989, Mirabel et al. 1989)

confirmed tl]e existence of dense concentrations of both atomic ancl lnolccu]ar gas in the nuclei of
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at least  some powerful radic) galaxies, while a more extensive survey of CO emission from powerful

radio galaxies by Mozzarella et al. (1993) indicated that rich supplies of molecular gas may indeed

be ubiquitous in powerful radio-selected galaxies detected by lRAS.

Whether the comparisons between powerful radio galaxies, luminous infrared galaxies, and

QSOS at low reclshift  also hold at much higher rcdshifts  is not clear, but  it is instructive to compare

the properties of 112 0902-I 34 with the only other luminous high rcdshift  objects clctccted  in CO -

the hypcrluminous  infrared object  III?AS li’10214-l 4724 at z * 2.3 (Ilrown  & vanden llout ( 1991),

and 111413+135  == the Cloverleaf quasar, at z N 2.6 (}larvainis et al. 1994). ~’he computed 112

mass for 1)2 0902+34 is a only a factor of ~ 2.5 less than that determined from a multi-transition

analysis of CO emission for lRAS’ 1<’10214+4724  (Solomon, Dowries, & Radford  1992), and a factor

of N 1 – 5 less (depending on the amplification factor) than that computed for the gravitationally

]cnscd Cloverleaf quasar. A comparison of morphological properties is less straightforward, but

there  is evidence that high-z powerful radio galaxies may be mergers (cf. Djorgovski et al. 1987;

review by McCarthy 1993), and R band inlaging of 112 0902+34  shows the galaxy to have a douMe

peak profile ( l;isenhardt  & l)icliinson  1993)  that could be interpreted as a merger event. lRA.!

1“10214 +4724  appears also to bc a strongly intcracti]lg  system (Matthews et al. 1994).

l’urthcr  evidence that l)owerful  radio galaxies may be related to luminous infrared galaxies is

provided by comparing the spectral energy distributions (Sl~l)s) of high-z powerful radio galaxies

with the hypcrluminous  ill frared  galaxy  IIL?AS II’] 0214 -I 4724. l“i,gure  4 summarizes the photolnctry

(rest frame) for tl)ree of the Lest studied radio galaxicw at z >3- 112 0902+ 34, 4C 41.17, and 6C

1232+-39 - as well as data on I1{A.$ I’1021’I-I 1724. ‘J’hese  data show that, (1) 112 0902-I 34 and -lC

41.17 ma-y have a sul~stantia]  far- ill frarc(l  /sll}~lllill  illlctel ‘Ilump’ as indicated by the apparent steep

rise in luminosity from tllc radio core into the submillimeter,  (2) the lA?AS upper limits do not rule

out the possibility that all three of these radio galaxies have bolomctric  lunlillositics comparable

to lRAS F] 0214 -I 4724, and (3) altl)ough the optical-to- UV spectra of the radio galaxies appear

to be strongly a.ffcctcd by emission lillcs  a]ld reddening, tllc mean o~)tical-to-lJV lu]ninosities  of

the radio galaxies are similar to fltAS 1{’10211-i 4724. In the case of 6C 1232+39,  the shape of tllc

optical -to-UV  s])ectru]ll  is nearly identical to 11/)1S lf’10214-t  47’24.

It is clearly premature to suggest that all high-z powerful radio galaxies are also powerful

far-infrared emitters. It is also too early to suggest that all high-z })owerful radio galaxies arc rich

ill mo]ccular  gas, although our detection of CO elnission  from one of two objects suggests that a

substantial fraction do. If the three  radio galaxies shown in l’igurc 4 arc representative of powerful
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radio galaxies as a class, then these objects may rcprc.mt a later stage in the evolution of some

hyperluminous  infrared galaxies. In SUC}I a scenario, the powerful radio jets occur when much of

the dust and gas obscuring the central engine has t-men consumed by the AGN and/or turned into

stars, c]caring the way for hot plasma and radiation to escape.

4. CONCLUSIONS

Our detection of CO(4--)3)  and CO(5-+4)  emission from the powerful radio galaxy 112 0902+-34

leads to the following conclusions:

(i) ‘1’hc  CO luminosity of 112 0902+34 corresponds to M(lIz)  = 4.5- 5.6x 1010 h-2 MO; the

range  reflects the uncertainty in the reality of the red line wing at velocities w 280 ~ 450 km s–l.

‘1’his IIz mass is a factor of N 2.5 less than that computed for the hypcrluminous  IRAS galaxy

F10214+-4724, and is comparable to the 112 mass computed for the most gas-rich ultralulninous

infrared galaxies in the local Universe (z ~ 0.3).

(ii,) The relative CO brightness temperature, ‘11~~(5 --> 4)/q’n(4  ~ 3) ~ 0.50 – 0.64, is con-

sistent with optically thick ~~o emission with ‘J’ey w 60 K, and log n(JIz)  == 3.2 CnI-3. q’hc mean

rcdshift  of the CO emission from IJ2 0902-{  34, ZCO R 3.3995, is nearly identical to that of the CIV

emission line, but is w 500 km s–l rwlward of IJycr. Our non-detection of CO emission from 4C41.17

may be do in part to centering the spectroliletcr  passband at the observed rcclshift  of l,ya.

(iii)  Currently available (lV-to-radio S1;1)s for high-z radio galaxies suggest that these ob-

jects  may have bolo]netric  luminosities comparable to hyperluminous  infrared galaxies. 11.ecent

reported detections of submillimctcr  emission from 4C4 1.17 and 112 0902+-34 may also imply that

a substantial fraction of the bolomctric  luminosity of these radio galaxies is emitted at far-infrared

(rest frame, N 10 – 100~Lnl ) wavelcngt 11s. ‘J’hese obscrvat, ions, conlbined with our CO detection of

112 0902+34  suggest that at least some high-z powerful radio galaxies may be radio-loud analogs

of hypcrluminous  infrared galaxies.
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Table 1. CO Observations

—. .- —.- .—. —.—_—.. ——— -—

Parameter
-—.—....———-..————— —___

Tclcscopc

Observing Dates (nlm/yy)

Center frequency (GHz)a

Bcamsize (FWHM” )

Spectral Bandwidth (MHz)

System tcnlpcrature  (K )b

Total integration (hrs)

4C 41.17
CO(4–)3)

NRAO 12m

12/92, 5/!34, 10/94

96.11024

66

512

180, 170, 200

46

Note: SoLMcc positions: 4C 41,17- 0J(1950),  61’47’’’20.79 s;
B2 0902-{-34 - a(1950), 9t’02’’’277s;s; 6(1950), 34 °19’57.8”

132 0902+-34
CX)(4+3) CO(5-)4)

—————_
NRAO 12m IRAM 30m

10/93, 5/94 6/94

104.85826 131.06530

60 18

512 512

220, 170 270

52 10
—

6(1950 ),41 °34’04.5”

a Corresponding to velocity O km s-1 at llclioccntric  rcdshift  z = 3.797 (4C 41 .17), and z
=: 3.3968 (132 0902+  34).

b McaI~ systcnl  tcnlpcraturc  during the observing run (nl~n/yy)  - T~t scale (NR.AO); T~
scale (IRAM).



Table 2. CO Line Parameters - 112 0902+34

-—. —.. .——.. .. —... — .. —---— — .—
Quanity

(1)

l’,,, ~(peak) (m]<)

AVCO(FWHM)  (km S- l )

AVCO(FWZI)  (km S-l)

ICO (Ii km s-l)

S.OAV (Jy km S - l )

< z.. >

D 1 , (h-l GPC)

l,;O ( 1 01 0  h - 2  K l{m S-”]p~2)

1,.O ( 1 07  h - 2  l , .  )

L:. (5 + 4) / L:. (4 + 3)

(;0(4--}3)
(2) (3)

0.52*0.14

140+30 . . .
~()()+5() 3303:50

o.067i:o.o17 0.08530.02

1.7:” 0.45 2.14:0.57

3.3992 3.3993

13.8t

1.130.3 1.440.4

3.640.9 4.44,1.2

. . . . . .

CO(5+4)
(4) (5)

2.153:0.38 ‘-

140+30  . . .

2003:50 350:E50

0.2740.04 0.4540.08

1.34:0.22 2.1~0.36

3.3992 3.3998

13.8t

0.55+0.10 0.904:0.16

3.2 AI0.58 5.4+1.0

0.50+0.16 0.64i0.21

t .T,unlinosity  clistancc colnputccl  using  110 = 1 0 0  11 (kll~ s- ]  Mpc-l ), qO == 0 . 5 ,  a n d
ZCO == 3.3995. Luminosi ty values for q. ~ 0.02 can bc cmnputecl  by-n~ultiplying  the above
numbers  by  3.6.
ColuInll  (1) - Quantity lllcasllred  froll~ clata  in Figure  1.
ColunlIls  (2)&(4) - main Peali  (N 8 0 - - 2 8 0  km S- ])
Columns (3)&(5) - nlain  pcmk plus red wing (N 8 0 - - 4 5 0  kxn s-l)
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11’igure Captions

l’igure 1. (top) CO(4--~3)  spectrum fronl the NRAO 12n-1 telescope. (bottom) CO(544) spectrum

from the IRAM 30n1 telescope. ‘1’hc  spectra have hen smoothed to a resolution of 69 km S-l.

Redshifts for I,ya (z = 3.393; l,illy  1988), 111 absorption (z = 3.3968; Uson et al. 1991; IIriggs et al.

1993) and CIV emission (3.399; l,illy  1988) am indicated along with the red shift of velocity-weighted

mean CO emission for each line.

Figure  2. The CO(5+4)  / CO(4~3)  brightness temperature ratio as a function of 112 density for

gas kinetic temperatures of 30, 60, 100, and 200 K as determined using a 15-level LVG calculation

with X( CO)/(dv/dr) = 3 x 10–5 (km s–l pc - ] )-1 and a microwave background temperature of

11.8 K.

l’igure 3, CO spectrum toward 4C 41.17 smoothed to a resolution of 80 km s-l. Reclshifts  for

l,yo  (z == 3.800; Chambers et al. 1990) and 0[111] emission (3.797; ~Jales & Rawlings 1993) are

indicated.

l’igure 4. llest-fral~~c  Sl~l)s for high-z powerful radio galaxies a.ncl the hy~)crlunlinous  infrared

galaxy 1’1 0214+4724. ‘1’hc data for l’] 0214+-4724 arc from lLowan-R.obinson et al. (1993), except

for the more recent 20)Lm measurement from ‘1’elesco  ( 1994). l’or the radio galaxies the the data are

as follows: IRAS upper limits were determined by us fron] I\ I)llSCAN/SCANl’I  processing (IIelou

et al. 1988) of the far-infrared data.; the submillimetcr  data are fronl Chini  & Kriigel  ( 1994), l)unlop

et al. (1994), and l(;alcs,  Rawlings, & IIic.kinson  (1993); the radio data are from the Nl;I)  database

at I]’AC, except for 4C41.17 (I)unlop  et al. 1994); the near-ir/optical data are from l,illy ( 1988)

and l;iscnhardt  & I)ickillson  ( 1992)  for 112 0902-{-34, from Chambers et al. ( 1990 ) for 4C 41.17,

and from h;ales  et al. ( 1993) for 6C 1232+39 (z = 3.2). Arrows indicate reported upper limits.

l)ownward  straight lines indicate continuum level after subtraction of estimated contribution from

optical emission line(s) (e.g. l;iscnhardt  & l)icliinson  1992; l;ales & Rawlings 1993: Graham et al.

1 994). Open symbols represent emission fronl tile cxtcncled  radio lobes (as distinct from the radio

core) as given in I)u]i]o]) et al. ( 1994) for 4C 41.17, and as measured by us from the maps of l\2

0902434 presented in vail Ilrcugc]  and McCarthy ( 1990). Similar data were not available for 6C

1232+39.
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